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Introduction 27
Persistent organic pollutants (POPs) are toxic substances, highly resistant to environmental 28 degradation, which can bio-accumulate and have long-range atmospheric transport potential (UNEP 29 2001) therefore potential effects on human health need to be investigated. POPs such as 30 . Furthermore babies are exposed to POPs through breast 50 feeding (Llorca et al. 2010; Waliszewski et al. 2009 ). This implies that they are exposed before birth 51 and during the early sensitive developmental stages of their lives to POPs. The endocrine disrupting 52 potential of POPs in humans has also been highlighted ( such the liver often shows the earliest signs of injury, and therefore it is useful to model the effects 75 of POP mixtures on a liver cell line. Furthermore, POPs such as PCBs tend to accumulate in the liver 76 (Bachour et al. 1998 ). It may be assumed that primary human hepatocytes would be most 77 appropriate for use in predicting human toxicity however these cells dedifferentiate over the time of 78 the assay. Furthermore as they are non-proliferative critical toxicity parameters would be lost. 79
HepG2 are considered to be one of the best single-cell models for predicting human toxicity 80 potential (O'Brien 2014). They are also highly sensitive in the recognition of effects on mitochondrial 81 DNA and mitochondrial function (Pinti et al. 2003) . This sensitivity coupled with the ability to 82 incorporate multiple parameters suggests that HCA, using HepG2 cells, is an appropriate candidate 83 for investigating POP mixtures. which the cell passively follows an energy-independent mode of death. The cells will swell in 96 contrast to apoptotic cells which shrink. Although there are distinct differences in the mechanisms of 97 apoptosis and necrosis, there is overlap between the two processes described as the "apoptosis-98 necrosis continuum" (Zeiss 2003 Oslo. Seven mixtures were used in the cell assays (Table 1) The cells were exposed exactly as in Section 2.3 after which the percentage of viable cells 181 was determined. In the MTT assay viable cells convert the soluble yellow MTT to insoluble purple 182 formazan by the action of mitochondrial succinate dehydrogenase. The cells were washed once with 183 PBS. MTT solution (50 µl of 2 mg/ml stock in PBS diluted 1:2.5 in assay media) was added to each 184 well and the cells incubated for 3 h. The supernatant was removed and 200 µl of DMSO was added 185 to dissolve the formazan crystals. Subsequently, the plate was incubated at 37 °C with agitation for 186 10 min. Absorbance was measured at 570 nm with a reference filter at 630 nm using a microtitre 187 
Comparison between expected and measured results 202
The expected values were calculated by addition of the mean value after exposure to one mixture 203 Cell viability was also reduced after 48 h exposure however it was more pronounced 3.1 % and 1.8% 228 cell viability respectively (p ≤ 0.001, Figure 1) . A reduction in cell viability was also evident after 2 h 229 exposure with the highest concentration of PFC + Br mixture, 66.9% cell viability (p ≤ 0.001, Figure  230 1). Reductions in cell viability were evident after 48 h exposure for the two highest concentrations of 231 this mixture, 1.2% and 0.9% respectively (p ≤ 0.001, Figure 1 Figure  239 2A). CN was also found to be significantly decreased after 48 h exposure to this mixture at the two 240 highest concentrations, 1.7% and 0.8% cell viability respectively (p ≤ 0.001; Figure 2A ). Similarly, 48 h 241 exposure to the PFC + Br mixture was found to lower CN at the two highest concentrations, 1.1% 242 and 1.3% cell viability respectively (p ≤ 0.001; Figure 2A ). 243 244 NI was found to be significantly increased after 48 h exposure to the PFC mixture at the two highest 245 concentrations, 166.3% and 156.9% nuclear intensity respectively (p ≤ 0.01, p ≤ 0.05; Figure 2B ). The 246 PFC + Br mixture at the two highest concentrations was also found to increase nuclear intensity, 247 153.7% and 142.0% respectively (p ≤ 0.001, p ≤ 0.01; Figure 2B ). Even during the 2 h exposure the 248 highest concentration of the PFC + Br mixture was found to significantly increase nuclear intensity to 249 127.3% (p ≤ 0.01; Figure 2B ). 250
251
NA was found to be significantly increased after 48 h exposure to the PFC mixture (equivalent to 252 5000 times serum levels), 187.2% nuclear area (p ≤ 0.001, Figure 2C ). Exposure (2 h) to the PFC + Br 253 mixture at the highest concentration decreased nuclear area to 68.5% (p ≤ 0.05, Figure 2C ). 254
However, after 48 h exposure, the two highest concentrations were found to increase nuclear area, 255 164.9% and 196.6% respectively (p ≤ 0.001, Figure 2C ). 256
257
The other mixtures (total, Br, Cl, PFC + Cl and Br + Cl) caused no significant changes to CN, NA or NA 258 (data is not shown for these mixtures as no significant effects were found; Br is included only to 259 enable comparisons to PFC with and without Br). The only mixture to show significant changes in MM after 2 h exposure was the Br mixture (at 1000 270 times serum levels), increasing to 109.4% (p ≤ 0.01, Figure 4A ). However MM increased significantly 271 after 48 h exposure to the PFC mixture at the two highest concentrations, to 160.9% and 172.5% 272 mitochondrial mass (p ≤ 0.01, Figure 4A ). The PFC + Br mixture at the highest concentration was also 273 found to increase MM to 206.5% (p ≤ 0.05, Figure 4A ). 274 275 MMP decreased significantly after 2 h and 48 h exposure to the PFC mixture at the two highest 276 concentrations to 64.1% and 46.6% (p ≤ 0.001) and 22.3% and 11.7% respectively (p ≤ 0.001, Figure  277 4B). Exposure (2 h) to the PFC + Br mixture at the highest concentration was found to decrease MMP 278 to 66.7% (p ≤ 0.05, Figure 4B ). After 48 h exposure the two highest concentrations were also found 279 to decrease MMP to 40.0% and 25.5% respectively (p ≤ 0.001, Figure 4B The addition of the Br mixture to the PFC mixture produced some interesting results. After 2 h 305 incubation, no significant change in CN was observed for the highest concentration of PFC + Br 306 mixture; keeping in mind that the PFC mixture alone at this concentration lowered CN to 40.9%. 307
However this observed value was not deemed statistically significant from the expected value p > 308 0.05. In contrast a synergistic effect was evident for this concentration for MM with a 28% (p ≤ 0.05) 309 difference between expected and observed values. Furthermore for ROS production (2 h) exposure 310 to the PFC + Br mixture (at 5000 times serum levels) was deemed to reflect synergistic effects 311 between the individual mixtures as the observed ROS value (188%) was significantly higher than the 312 expected value (113%, p ≤ 0.05). However the ROS production induced by the highest concentration 313 (348%, 10000 times serum levels) was not deemed to be statistically significantly different to the 314 expected value (239%) and is therefore considered additive. Exposure for 48 h to the PFC + Br 315 mixture again resulted in higher ROS production than expected after exposure to each of the 316 mixtures independently. The values observed for 1000 and 5000 times serum levels were deemed to 317 be synergistic (p ≤ 0.05) while 500 and 10000 times serum levels were additive. 318 319
Discussion 320
Compared to single end-point cytotoxicity assays, HCA has the scope to investigate different 321 mechanistic endpoints for cellular health and death simultaneously and therefore might better 322 demonstrate the risk of human exposure to complex mixtures of environmental contaminants. 323
Cell population count or CN, followed by NA, are the most affected by cytotoxic drugs 324 (O'Brien 2014). There was a high result concordance between using the MTT assay ( Figure 1) and CN 325 as a measure of cell viability (Figure 2A ). For 48 h exposure, the same mixtures and concentrations 326 (PFC and PFC + Br) were highlighted as statistically significant by both assays. However for 2 h 327 exposure, the HCA parameter CN highlighted fewer mixtures and concentrations as toxic than the 328 MTT assay. Since the MTT assay determines mitochondrial activity it is crucial to include the HCA 329 mitochondrial parameters as a comparison. When these are considered the HCA showed MM 330 changes in two mixtures, Cl (Figure 3 ) and Br mixtures ( Figure 4A ), that the MTT assay failed to 331 highlight. Therefore combined HCA endpoints were found to be more sensitive at detecting 332 cytotoxicity and revealed toxic effects where the conventional MTT endpoint showed none. Figure 2C ). NA was 363 not significantly changed for the higher concentration of the PFC mixture, however CN was found to 364 be reduced significantly, suggesting that any apoptotic or necrotic cells had been lost at this point. 365
ROS are a known mediator of apoptosis, and the opening of the MPT pore can be initiated 366 and augmented by elevated ROS (Atlante et al. 2000) . In the HCA assay ROS production was 367 present study increased ROS were detected after 2 h and 48 h exposure to the highest concentration 406 of the Br mixture ( Figure 5 ). As the concentrations of PBDEs in the Br mixture used here are much 407 lower in comparison to other studies, it may be possible that even at low concentrations PBDEs 408 induce ROS generation but that it does not lead to apoptosis. 409
The addition of the Br mixture to the PFC mixture produced some interesting results. As the 410 concentrations of PFCs present in the combined mixture is the same as in the PFC mixture alone, it 411 might be expected that toxicity would stay the same or increase. Further effects were observed in 412
HepG2 cells after 2 h exposure to the highest concentration of the PFC + Br mixture (10000 times 413 serum levels) for NA and NI (decreased and increased respectively); there were no significant effects 414 at this concentration for either the PFC or Br mixture alone (Figure 2 ). These changes in nuclear 415 parameters are indicative of apoptosis. Furthermore, significant synergistic effects (p ≤ 0.05) were 416 evident for the PFC + Br for MM (at 10000 times serum levels) and ROS (5000 times serum levels). In 417 addition, 48 h exposure to this combined mixture resulted in synergistic effects observed for ROS 418 production at two concentrations (1000 and 5000 times serum levels), while additive effects 419 occurred at 500 and 10000 times serum levels. As PBDEs and PFCs are known to induce oxidative 420 stress the synergy observed for MM and ROS is plausible. 421
Understanding the complexity of POP mixtures is crucial to the assessment of risks to human 422 health. It is not a simple scenario of the more POPs present, the more risk to health; the issue is 423 more complex. In addition to what has previously been discussed for ROS production, 
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Each image was acquired at 10 × objective magnification using Hoechst dye (blue; nuclear staining) and CellROX dye (red; ROS). Arrow indicates an area of increased red 813 fluorescence due to increased ROS production. 814 815
